New gene origination is a major source of genomic innovations that confer phenotypic changes and biological diversity. Generation of new mitochondrial genes in plants may cause cytoplasmic male sterility (CMS), which can promote outcrossing and increase fitness. However, how mitochondrial genes originate and evolve in structure and function remains unclear. The rice Wild Abortive type of CMS is conferred by the mitochondrial gene WA352c (previously named WA352) and has been widely exploited in hybrid rice breeding. Here, we reconstruct the evolutionary trajectory of WA352c by the identification and analyses of 11 mitochondrial genomic recombinant structures related to WA352c in wild and cultivated rice. We deduce that these structures arose through multiple rearrangements among conserved mitochondrial sequences in the mitochondrial genome of the wild rice Oryza rufipogon, coupled with substoichiometric shifting and sequence variation. We identify two expressed but nonfunctional protogenes among these structures, and show that they could evolve into functional CMS genes via sequence variations that could relieve the self-inhibitory potential of the proteins. These sequence changes would endow the proteins the ability to interact with the nucleus-encoded mitochondrial protein COX11, resulting in premature programmed cell death in the anther tapetum and male sterility. Furthermore, we show that the sequences that encode the COX11-interaction domains in these WA352c-related genes have experienced purifying selection during evolution. We propose a model for the formation and evolution of new CMS genes via a "multi-recombination/protogene formation/functionalization" mechanism involving gradual variations in the structure, sequence, copy number, and function.
Introduction
Mitochondria are thought to be generated by endosymbiosis over one billion years ago and function as energy-producing and biological signaling centers in eukaryotes [1] . Unlike the small (15-18 kb) and homogenous mitochondrial genomes of animals, plant mitochondrial genomes are large (hundreds of kb or more) and complicated, with dramatic variations in structure, size, and organization [2] . Studies have shown that in the angiosperm mitochondrial genomes, frequent DNA recombination may result in genomic rearrangements, yielding multiple types of recombinant structures that may vary dramatically in copy number (substoichiometric shifting (SSS)); the recombinant structures may contain new open reading frames (ORFs) and some of them can cause cytoplasmic male sterility (CMS) [3] [4] [5] . CMS is a widespread phenomenon observed in more than 150 flowering plant species [6] and often associated with unusual ORFs present in the mitochondrial genomes [5] . To date, a number of CMS genes have been cloned from various plant species, and they are usually chimeric, involving sequences homologous to mitochondrial essential genes for ATPase, cytochrome c oxidase, or ribosomal proteins [4, 5] . However, how new mitochondrial genes including CMS genes originate, evolve, and especially how they acquire their functions still remain a mystery.
The Asian cultivated rice (Oryza sativa L.) was domesticated from the wild rice (Oryza rufipogon Griff) [7] . Several types of CMS systems have been identified in rice (wild rice), including the Wild Abortive (CMS-WA), Boro II (CMS-BT), and HongLian (CMS-HL); these CMS systems have been explored for hybrid rice production [5] . The CMS-based hybrid seed technology is a three-line system, using a CMS line, a maintainer line, and a restorer line. The CMS line has a male-sterile cytoplasm with a CMS gene and carries non-functional (recessive) nuclear restorer gene(s). The maintainer line has normal fertile cytoplasm and contains the same nuclear genome as the CMS line, thus serving as the male parent in hybridization with the CMS line for the CMS line propagation. The restorer line possesses functional (dominant) restorer gene(s), and is used as the male parent to cross with the CMS line for production of F 1 hybrid seeds. In the F 1 plants, the functional restorer gene(s) restore male fertility, and the combination of the divergent nuclear genomes from the CMS line and the restorer line produces hybrid vigor and higher grain yields.
The CMS-WA system, which is most widely used for hybrid rice production since 1970s, was developed by successive backcrossing to introduce the CMS cytoplasm of a male sterile O. rufipogon plant into the nuclear backgrounds of rice cultivars [8, 9] . We previously identified the CMS-WA gene WA352 (here renamed WA352c, see below) and revealed that WA352c causes CMS by interaction with the nucleus-encoded, highly conserved mitochondrial protein COX11, leading to premature programmed cell death in the anther tapetum and defective pollen development. Male fertility of WA352c-carrying hybrids can be restored by the dominant restorer genes Rf4 and Rf3, which suppress WA352c function at the mRNA and protein levels, respectively, in diploid anther-wall cells of the hybrids (i.e., in a sporophytic manner) [10, 11] . We noted that the WA352c-containing structure in the mitochondrial genome (including the upstream and downstream flanking regions) consists of multiple segments that are homologous to different sequences of the mitochondrial genomes in wild rice species, suggesting a complicated origin through DNA recombination and rearrangement. However, the source of WA352c sequences and the routes of its evolution, how it exerts its effect on adaptive evolution of rice, and how it co-evolves with the nuclear effector (COX11) and the restorer genes (Rf3 and Rf4), remain obscure.
In this study, we surveyed the mitochondrial genomes of 808 wild and cultivated rice lines, and identified 11 recombinant structures containing chimeric ORFs related to WA352c in the mitochondrial genomes. We deduced that these structures likely have arisen from complex evolutionary routes through multiple recombination events among conserved mitochondrial sequences of unknown function, coupled with SSS and sequence variation. We further identified two transitional, non-CMS protogenes from these structures and showed that they likely evolved into functional CMS genes via sequence variations that unlocked the self-inhibitory COX11-interacting function. We provide evidence that these sequence variations were under purifying selection, suggesting that origination of new CMS genes may play a role in promoting out-crosses and improving the adaptive fitness of wild rice under natural conditions.
Results

Identification of CMS-related recombinant structures
The Oryza genus has 20 wild and two cultivated species [12] . To investigate the origin and evolutionary history of WA352c, we screened for possible recombinant structures related to WA352c in the mitochondrial genomes of a wide range of wild and cultivated rice. We first analyzed the sequence of the WA352c-containing recombinant structure (named S352c for convenience) by searching GenBank (http://www.ncbi.nlm.nih.gov/), and re-annotated the sequence composition of S352c (including the ORF and its upstream and downstream flanking sequences) in an elite indica rice (O. sativa L. ssp. indica) CMS-WA line Zhenshan 97A (ZS97A) ( Figure  1A and 1B). The WA352c ORF is located downstream of rpl5, and consists of four segments: 284s, cs3 (previously defined as unknown origin and orf224-homologous sequence [10] ), cs2 and cs1 (previously defined as an orf288-homologous sequence [10] ). The 284s segment is identical to the promoter/5′-ORF of a putative mitochondrial ORF orf284, and cs1-cs3 and the downstream sequences cs4-cs6 are conserved in the mitochondrial genomes of the Oryza species and other plants (such as maize, sorghum, wheat, and soybean) (see below). The downstream flanking sequences also include an atp6-containing segment, and a segment (ch12) homologous to a chromosome 12 region. These WA352c sequences have no similarity to any known functional cytoplasmic or nuclear genes.
Next, we examined a total of 808 lines of 15 Oryza species, including 478 rice cultivars, 292 O. rufipogon Table S1 ) for amplification of 8 fragments (f1-f8) in the Oryza species (Table  1) . The obtained PCR products were sequenced. For some structures, of which some fragments in one side (S352a, S367, S356, S314a, and S352b) or both sides of cs1 (S284a, S284b, and S310) were not amplified, hiTAIL-PCR was used to recover their unknown flanking sequences followed by sequencing. The whole-recombinant structures (including the ORF-flanking sequences) are named S###, where "###" indicates the number of amino acids (aa) encoded by the putative ORFs. The ORFs verified as functional CMS genes are named "WA###", and those of non-CMS and functionally uncharacterized ones named "orf###". The cs1 to cs10 sequences are conserved in the mitochondrial genomes of Oryza and other plant species (Supplementary information, Figure S4 ). The sequence ch12 is homologous to rice chromosome 12. The homologous sequences among these recombinant structures are indicated with the same colors. For simplification, the short (277 bp) pseudogene sequence of rps14 at the immediate downstream of rpl5 is not shown. (O) S314b (orf314) was detected in some accessions of O. rufipogon and many rice cultivars (Table 1) , including the determined mitochondrial genomic sequences of 3 rice cultivars (DQ167400.1, DQ167807.1, and DQ167399.1), in which the same orf314 ORF was previously annotated as orf288 (GenBank BA000029.3). (P) S284a and S284b have similar putative ORFs but different flanking sequences. Note that orf284a and orf284b are distinct from the orf284 sequence locating upstream of cox1 (see Figure 4B) accessions, and 38 accessions of 13 other Oryza wild species (Table 1) . By PCR using primers designed for amplification of 8 recombinant segments of S352c (Supplementary information, Table S1 ), all the 8 segments were amplified from S352c in ZS97A and several lines of O. rufipogon and O. sativa. However, in some other lines, only some of these segments were amplified (Figure 1A-1P ), indicating the presence of S352c-related structure variants. From these lines we then amplified and sequenced the unknown sequences flanking these known sequences using hiTAIL-PCR [13] . As a result, we identified eleven mitochondrial recombinant structures (mitotypes) related to S352c, which contain WA352c-related putative ORFs and the same or different upstream and downstream flanking sequences ( Table 1 , Figure 1 ). However, many (391) wild rice accessions and cultivated rice lines do not carry any one of these types recombinant structures (in high copy-number state) (Table 1). These recombinant structures including the ORFs and their flanking sequences, of which cs1 to cs10 are conserved in the mitochondrial genomes of Oryza and other plant species, were named S###. The ORFs that were verified as functional CMS genes in this study (see below) and a previous report [14] were named "WA###", while the putative ORFs with no CMS function (see below) and those functionally uncharacterized were named "orf###", where "###" indicates the number of amino acids (aa) encoded by the ORFs. For the homologous ORFs of the same aa number but with different flanking sequences, lower case letters (a, b, c, etc) were added at the end.
Four structures (S352a, S352b, S367, and S356) show strong structural similarity to S352c, but contain different downstream flanking sequences ( Figure 1C-1H) . The five ORFs (WA352a, WA352b, WA352c, orf367, and orf356) in these structures share the same segments (284s, cs3, cs2, and cs1). WA352a is the same as orf352 of the functional CMS gene reported in CMS-RT102 rice [14] . WA352b and WA352c have identical sequences, but differ from WA352a by five single-nucleotide polymorphisms (SNPs). Compared with WA352a, WA352b, and WA352c (WA352a/b/c), orf367 and orf356 have two 6-bp segments and several SNPs within cs3, and orf367 has a further 33-bp segment within cs2 ( Figure 1G ). WA314 and orf314 in S314a and S314b, respectively, have the same structural composition (cs8/cs2/cs1) with nineteen SNPs between them, but they have completely different upstream and downstream sequences ( Figure 1I, 1J, 1O ). S276 and S310 have the same downstream sequences (cs4/cs5/ch12/cs6/mFS) as in S352b, but different upstream sequences ( Figure 1K-1N) . The CMS-like orf276 and orf310 in S276 and S310 are the same as the ORFs identified in the CMS-RT98 and CMS-Lead rice lines, respectively [15, 16] . A recent report showed that in the CMS-Lead rice, the CMS-BT homologous gene orf79, but not orf310, confers the CMS trait [17] , suggesting that orf310 is not a CMS factor. The simplest cs1-containing structures, S284a and S284b, have the same putative ORF (orf284a and orf284b, which are distinct from the orf284 sequence located upstream of cox1), but their upstream and downstream flanking sequences differ from each other and from those of the other structures ( Figure  1P ).
Except for S284a (found in O. rhizomatis, O. minuta, and O. eichingeri that possess the CC-type or CCBBtype nuclear genome) and S284b (detected in O. officinalis with the CC nuclear genome and O. rufipogon with the AA nuclear genome), these recombinant structures were detected only in certain O. rufipogon accessions and some rice cultivars but not in the few accessions of Note: in the investigated 808 accessions, 417 accessions (in parentheses) carry predominant forms (in high copy numbers) of the structures that were detected by PCR with 28 cycles. The recombinant structures with very low copy numbers that co-exist with the predominant structures in some accessions (see Figure 5) 
Functional test of the candidate CMS genes
Previous studies proved that WA352c and WA352a have CMS function [10, 14] . As orf356, orf367 and WA314 have structures similar to WA352a and WA352c, we analyzed whether they also have CMS function. We prepared three binary constructs with MTS-orf356 (MTS, mitochondrial transit sequence), MTS-orf367, and MTS-WA314 ( Figure 2A ) and transferred them into a CMS-WA maintainer line ZS97B with normal cytoplasm and the recessive restorer genes rf3 and rf4-i, an indica type rf4 allele [11] . The MTS fusion localizes the protein to mitochondria, thus allowing the test of CMS function using nuclear transformation [10, 20] . Four T 0 transgenic rice plants with MTS-WA314 showed partial pollen sterility. The transgenic progenies (T 1 ) were obtained from self-pollination of the T 0 plants (with 25%-38% seed set) and BC 1 T 1 plants were produced by backcrossing of the T 0 plants with ZS97B. These segregants carrying MTS-WA314 exhibited partial male sterility while those without the transgene were male fertile ( Figure 2B and Supplementary information, Figure S1A ). We also tested the WA314 construct in Arabidopsis thaliana and observed partial male sterility (with very few seeds) in 22 T 1 plants carrying MTS-WA314; the partial sterility and fertility in the T 2 plants co-segregated with the presence and absence of the transgene (Supplementary information, Figures S1A and S2A-S2C). However, all T 0 and T 1 rice plants with either the MTS-orf367 or the MTSorf356 construct, had normal male fertility, even though the transgenes were expressed at high levels ( Figure 2B and Supplementary information, Figure S1A , S1B).
To further study the CMS effect of orf356, orf367, WA352b, and WA314 in a rice line with recessive rf3 and rf4, we introduced the cytoplasm with these ORFs of the O. rufipogon accessions into the ZS97B nuclear background by successive backcrossing. All BC 2 F 1 , BC 3 F 1 , and BC 4 F 1 plants with WA314 or WA352b (and homozygous rf3 and rf4-i) had aberrant anthers with sterile pollen, similar to the WA352c-carrying CMS-WA lines [10] ; however, all the backcrossed plants with orf367 (BC 1 F 1 to BC 3 F 1 ) and orf356 (BC 1 F 1 and BC 2 F 1 ) were male fertile ( Figure 2C and Supplementary information, Figure S3 ). These results demonstrate that both WA314 and WA352b can confer CMS, whereas orf356 and orf367 lack CMS activity.
We analyzed the expression patterns of the CMS and CMS-like genes in these backcrossing lines or a japonica cultivar (O. sativa L. ssp. japonica) Nipponbare (Nip) with the recessive rf3 and rf4-j (japonica type rf4), because that the expression of the genes is not affected in the absence of the functional restorer genes [10, 11] . Quantitative reverse transcription PCR (qRT-PCR) showed that WA352b, WA352c, WA314, orf367, and orf356 were expressed in various tissues (root, stem, leaf, panicle, and anthers) of the corresponding backcrossing lines (shown in Supplementary information, Figure S3 ) or Nip (for orf284 and orf314 expression) ( Figure 3 ). However, orf314, which is present in many rice cultivars (Table 1) , was not expressed in anthers and other tissues of Nip, except for its low-level expression in seedling roots ( Figure 3 ). This result could explain why orf314, which was previously annotated as orf288 [21] due to a sequencing error that resulted in a mis-identification of the start codon, does not cause CMS even though its ORF sequence is similar to that of WA314 (there are 13 aa differences between the encoded proteins) and can interact with COX11 (see below). Mitochondrial genes are often transcribed as multiple mRNA species with different transcription initiation sites driven by distinct promoters [22] ; for example, WA352c has three transcripts, one co-transcribed with rpl5 (producing a dicistronic transcript with the rpl5 and WA352c ORFs) and two transcribed independently (producing monocistronic transcripts with the WA352c ORF only) [10] . The putative ORF orf284, whose promoter-5′ ORF segment was involved in the formation of the CMS-related ORFs, also was expressed at quite high levels ( Figure 3) . Therefore, in addition to the co-utilization of the local promoter of rpl5, the transfer of the orf284-derived promoter-containing segments (284s, 284s') to the site downstream of rpl5 (see below) provided an additional active promoter to these CMS and CMS-like genes. By contrast, although orf367 and orf356 have the CMS-like structures and expression ability, their lack of CMS function may be due to other reasons. Figure 3 Expression analysis of the putative CMS genes and related genes by qRT-PCR. The CMS-WA line ZS97A was used for WA352c expression, BC 3 F 1 (male fertile) carrying S367 for orf367 expression, BC 2 F 1 (male fertile) carrying S356 for orf356 expression, BC 3 F 1 (male sterile) carrying S352b for WA352b expression, BC 3 F 1 (male sterile) carrying S314a for WA314 expression, and a japonica cultivar Nipponbare for expression of orf314 and orf284 (orf284 is located downstream of cox1 and it provided the promoter/5′-ORF sequence into the recombinant structures, see Figure 4B ). Anthers were at the meiosis to microspore stages; roots were from seedlings; young panicles were 5-8 cm in length. Third stems and flag leaves at young panicle stage were used. The relative expression levels were normalized with the atp6 expression (i.e., ratios of target genes to atp6) and shown as mean ± SD (3 biological replicates). 
Tracing the likely evolutionary routes of the CMS-related structures
We next examined how these structures could have originated. Repetitive sequences in plant mitochondrial genomes can mediate DNA recombination [4] . We identified short and intermediate-length repeats (8 to 84 bp in length, denoted by A-H) in these structures and their candidate source sequences (Figure 4 and Supplementary information, Figures S5 and S6 ). These repeats might mediate homologous recombination (HR) between the source sequences to create the described structures. However, some of these repeat sequences (B', C, D, G, H with 8, 12, 13, 10, and 19 bp, respectively) were much shorter than those previously reported to be involved in recombination events, which are generally > 50 bp [4] , suggesting that very short repeats can also mediate the recombination events, similar to the microhomology-mediated end joining (MMEJ) process also called alternative non-homologous end joining (altNHEJ) for repairing double-strand break (DSB) in nuclear genomes [23] [24] [25] . However, all these structures also include recombination joining sites without repeated sequences. These observations suggest that not only HR, MMEJ, and classical NHEJ (cNHEJ) mechanisms, which are common in the nuclear genomes [23] [24] [25] , might also contribute to the plant mitochondrial genomic rearrangements.
We traced the possible evolutionary routes connecting these structures based on their similarities in structure and sequence, and assuming that the evolution of the most closely related structures went through the fewest changes. S284a and the maize Zmorf179-containing structure have the same cs1/downstream sequences with a high nucleotide similarity (94%), indicating that they were likely derived from a common ancestral cs1-containing sequence, with sequence divergence of S284a and its homologs since the Oryza species separated from other plants including maize ( Figure 4A ). S284b could be derived from S284a in the CC-genome species by a rearrangement of the ORF at a different mitochondrial genomic position, and has been inherited by O. rufipogon (with the AA-genome) and O. officinalis (with the CC-genome). Subsequently, the cs1 fragment in S284b, the key source sequence for the CMS function of the CMS genes, became part of the recombinant structures by rearrangements with other donor sequences present in O. rufipogon. The rpl5/cox1/orf284 configuration ( Figure  4B ) is present in nine of the ten (i.e., except for the CMS-WA line with rpl5/WA352c) sequenced mitochondrial genomes: O. rufipogon (AP012527, AP011076, AP012528) and rice cultivars (DQ167400, JN861111, JF281153, AP011077, DQ167399, and DQ167807) [14-16, 21, 26-28] . Our further PCR analysis showed that the rpl5/cox1/ orf284 configuration exists in all or most accessions of the tested five wild rice species with the AA-genome but not in the species with other genome types (Supplementary information, Figure S4 ). Thus, rpl5/cox1/orf284 could be the original structure in the AA-genome-containing wild rice species. The CMS gene-related structures likely formed at the site downstream of rpl5, by recombination among 284s from orf284 and its promoter region, cs1 from S284b, and other mitochondrial genomic source sequences ( Figure 4A and 4B) .
To deduce the evolutionary relationships among these recombinant structures after S284a and S284b formed, we first inferred the ancestral and diverged types of these structures and then compared their structural and sequence similarities. As the cs4 sequences present in all these structures have a number of nucleotide variations, we compared these cs4 sequences with the homologous sequences from maize, wheat, rye and Aegilops speltoides as the outgroup references (Supplementary information, Figure S5 ). The cs4 sequences of S367, S356, and S352a are the most similar to these outgroup reference sequences; those of S276, S310, S352b, and S352c have more diverged nucleotide sequences, while that of S314a has both the conserved sites and some of the diverged sites ( Figure 4B-4E and Supplementary information, Figure S5 ). Thus, S367, S356, and S352a probably are the ancestral forms, S314a is an intermediate form, and S276, S310, S352b, and S352c might be the most recently derived. Furthermore, at three varied sites (in cs1), the nucleotides of S367 are the same as those in the outgroup (Supplementary information, Figure S5 ) but different from the other structures, indicating that S367 is the closest to S284b. S356 has the highest sequence similarity to S367; thus it was likely derived from S367 by deletion of the 33-bp in cs2 of orf367 ( Figure 4B and Supplementary information, Figure S4 ). S352a could be derived from S356 by the two 6-bp deletions and nucleotide variation in cs3, and by recombination of the downstream region at the site B' with an rps3-containing sequence ( Figure 4B and Supplementary information, Figures S4 and S5 ). This S284b-rpl5/S367-S356-S352a history is proposed as the primary evolutionary route for producing the functional CMS gene WA352a. Since S314a contains the rpl5/284s' and the cs2/cs1/cs4 sequences, just as in S356, it could be derived from S356 by integration of the cs8 sequence (by a recombination event at site C) to replace cs3 and a part of 284s; this forms a branch for generating WA314 ( Figure  4C ), another functional CMS gene (Figure 2) . Further, the WA314 ORF region moved to another mitochondrial genomic position, by a MMEJ recombination at site D and a cNHEJ recombination at the 5′ of the ORF, to pro- Figures S5 and S6) indicate the repeat sites that might mediate the HR or MMEJ recombination events among the source sequences and the donor structures to generate the new structures. The rearrangements without repeat sites are proposed to be based on the cNHEJ mechanism. Arrows with solid lines indicate simple rearrangement by one or two recombination events, while those with dotted lines suggest complex rearrangements. These structures with cs4 were first grouped into ancestral, intermediate, and diverged forms according to the similarities of their cs4 sequences to the referent sequences from other plants (Supplementary information, Figure S5 ). (A) S284a and S284b are the ancient structures that provided the cs1 source sequence into the other recombinant structures. (B) The rpl5/cox1/orf284 sequence represents the original local structure; at the downstream (site A) of rpl5, the primary recombinant structure S367 was produced by multiple rearrangements. S356 was generated from S367 by 33-bp deletion in the ORF, and S352a was further produced by nucleotide variations in the ORF and a rearrangement with the rps3-containing sequence. This pathway (red arrows) represents the primary evolutionary route for the generation of the protogenes (orf367 and orf356) and the intermediate functional CMS gene (WA352a). (C) S314a was generated likely by translocation of a fragment from S356 and multiple rearrange-duce S314b, whose upstream and downstream sequences differ from those of S314a ( Figure 4C ).
Furthermore, a sequence containing the cs3′/cs2/cs1/ cs4 segments derived from WA352a could rearrange by recombination at site B with cs5 (flanked by the ch12/ cs6/mFS sequences) to produce S276 ( Figure 4D) . A recombination between S314a and S276 at site F, plus cN-HEJ-based rearrangements in the upstream region, could produce S310 ( Figure 4D and Supplementary information, Figure S5 ). As S352b possesses the S276 sequences (from the site E to mFS), and it co-exists with S367 and S276 in some wild rice accessions (see below), we proposed that S352b could be generated from recombination between S367 and S276 at site E ( Figure 4E and Supplementary information, Figure S5 ). S352c differs from S352b by having an atp6-containing sequence replacing cs5; thus S352c must have arisen later, by transferring the atp6-containing sequence from its original location into S352b via recombination at the sites G and H (Figure 4B , 4D, 4E and Supplementary information, Figure  S6 ). Therefore, this S367/S276-S352b-S352c path forms a branch route for generating WA352b and WA352c. In summary, the functional CMS genes and CMS-like ORFs originated from complex but related evolutionary routes. A phylogenetic tree based on the cs1, cs2, and cs4 sequences supports the inferred evolutionary relationships among these structures ( Figure 4F ). Some of these structures, including S352c, were inherited by O. sativa cultivars (Table 1) 
Dramatic copy-number variation of the recombinant structures
Since mitochondrial genomes are largely matrilineally inherited, the donor structures and the recombinant new structures will be present in the same mitochondrial genome. We selected some O. rufipogon accessions that contain S367, S276, and S352b (Table 1) , and performed semi quantitative PCR to test these structures. The results confirmed that S367, S276, or S352b (or at least two of them) co-exist in all these accessions ( Figure 5A ), supporting the idea that S352b was derived from recombination between S367 and S276 ( Figure 4B, 4D and 4E) . Furthermore, the copy numbers of these structures varied dramatically in the same or different accessions. For example, the donor structures S367 or S276 were predominant (at high copy numbers) in some accessions, but in other accessions the product structure S352b has become predominant (34-98 copies/cell), whereas S367 and S276 were present as substoichiometric DNAs (sublimons, ca. 1 copy per 161-455 cells and per 27-77 cells, respectively) ( Figure 5A and 5B). Similar co-existence and copy-number variation for the S314a/S276/S310 route also were observed in some O. rufipogon accessions (Supplementary information, Figure S7 ), supporting the inference that S310 was derived from recombination between S314a and S276. These results suggest that the donor structures and the generated new recombinant structures have undergone SSS during the evolution, from low to high copy-number variation for the new structures, and from high to low copy-number variation for the donor structures. The above results strongly support the likelihood that these CMS-related recombinant structures were generated through integration of multiple conserved mitochondrial sequences into a specific region followed by complex evolutionary routes based on the dynamic recombination, sequence variation and SSS.
Functionalization of the CMS genes by sequence variation
To know the reason that orf367 and orf356 had no CMS function (Figure 2) , we investigated the biochemical function of the proteins they encode. WA352a/b/c, orf367, orf356, and WA314 encode putative transmembrane proteins (Supplementary information, Figure S8 ). Despite the constitutive expression of WA352c mRNA, the WA352c protein accumulates specifically in the ments, and the WA314 ORF was transferred to another genomic position to produce S314b. (D) S276 arose probably by rearrangements of a sequence from S352a with cs5 (recombination at site B) flanked by ch12/cs6/mFS, and with cs9. S310 was produced from recombination (at site F) between S276 and S314a and other rearrangement events. (E) S352b was generated probably from a recombination between S367 and S276 at site E, then, S352c was produced by integration of the atp6-containing sequence. This indicates the latest evolutionary route (blue arrows) for the origination of the functional CMS genes WA352b and WA352c. The evolutionary routes for the generation of S310 and S352b are supported by the co-presence of the donor structures and the recombined products in the same accessions as shown in Figure 5 and Supplementary information, Figure S7 . S352c and some other structures (Table 1) were inherited into O. sativa during domestication, and the materials of O. rufipogon and O. sativa carrying S352c also were used as the cytoplasm donors to breed CMS-WA lines by backcrossing [10] . (F) A phylogenetic tree based on the cs1, cs2, and cs4 sequences of the recombinant structures in wild rice and those in maize using the neighbor-joining method. Bootstrap values were calculated with 1 000 replications. The sequences are grouped into ancestral, intermediate, and diverged forms.
tapetum regulated by unknown mechanism, where it interacts with COX11 to impair COX11's function in hydrogen peroxide degradation, thus triggering specifically premature programmed cell death of the tapetum and leading to pollen abortion [10] . Therefore, we carried out yeast two-hybrid (Y2H) assays to test whether ORF367, ORF356, and WA314 can also interact with COX11. The results indicated that WA314, like WA352c, could interact with COX11. However, ORF356 showed a weaker interaction with COX11 and ORF367 showed no interaction ( Figure 6A ), suggesting that their non-CMS property is probably due to their poor interaction with COX11.
WA352c contains two COX11-interaction regions at aa 218-292 (interaction region 1) and aa 294-352 (interaction region 2) encoded by the cs1 sequence; rice transformation with truncated WA352c constructs that expressed proteins with and without the COX11-interaction domains verified that the COX11-interaction is required for induction of CMS [10] . However, the cs1-encoded sequences show no common aa difference between the non-CMS group (ORF367 and ORF356) and the functional group (WA352a/b/c and WA314) (Supplementary information, Figure S8) . Instead, the ORF356/ORF367 group and WA352a/b/c group have eight common aa variations (including residue substitutions and deletions) in the aa 148-159 region encoded by cs3, and ORF367 has an additional 11-aa encoded by cs2 ( Figure 6B ). Indeed, Y2H assays of the truncated constructs encoded by the cs1 sequences of WA352c, WA314, orf367, and orf356 showed that they all interacted with COX11 ( Figure 6C ), indicating that ORF356 and ORF367 also have the potential for the COX11-interaction. Thus, we propose that ORF367 and ORF356 (with the additional 11-aa segment and/or the distinct sequence in the aa 148-159 region) can adopt special conformations that prevent the interaction of the cs1-encoded domains with COX11, whereas the variations in WA352a/b/c (the 11-aa deletion and the aa changes in the aa 148-159 region) and in WA314 (replacement of the 11-aa region and the whole cs3-encoded sequence with cs8) might cause conformational changes that allow the COX11-interaction.
To test this hypothesis, we prepared five swapped constructs (SWC1-SWC5) for Y2H analysis ( Figure 6D) . The results showed that the expressed products of the 
D). (D)
Test of the swapped constructs (SWC1-SWC5) and the controls for the interaction with COX11. (E) Estimation of non-synonymous to synonymous substitution rate ratios (dN/dS) of the cs1 sequences in the ORFs using the one-ratio model (for the null hypothesis H0) and the branch model (for the alternative hypothesis H1) of the PAML/CODEML program. H0 assumes that all the cs1 branches in the phylogenetic tree have the same evolutionary rate; H1 assumes that the branch cs1 sequences of the functional WA352b/c and WA314 have a different evolutionary rate from the others. No significant difference (P > 0.05) of the log likelihoods (InL) was detected between H0 and H1. The cs1 sequences of Zmorf179 and Gmorf271 are from maize and soybean, respectively.
constructs with the 11-aa segment of ORF367 (SWC1, SWC2, and SWC4) in combination with CS1 of ORF367 or WA352c showed greatly reduced COX11-interaction strength to different extents ( Figure 6D ). By contrast, the combination of CS2/CS3 of WA352c with CS1 of ORF356 (SWC5) showed a slightly stronger interaction than ORF356. The reduction of the interaction strength due to presence of the 11-aa segment of ORF367 (SWC2) was more severe than that due to the ancestral-type aa 148-159 region of ORF356 (SWC3). This analysis confirmed that the 11-aa segment in ORF367 and the ancestral-type 148-159 aa sequence in ORF367 and ORF356 could interrupt the interaction with COX11. On the other hand, SWC2 (containing the 11-aa segment and WA352c-CS1) could interact weakly with COX11, but SWC1 (containing the 11-aa segment and ORF367-CS1) showed no interaction ( Figure 6D Figure S8 ) may enhance its interaction strength. This view implies that orf367 and orf356 are self-inhibited sequences that can be viewed as protogenes for CMS; the sequence changes, first in cs2 (the 33-bp deletion in generating orf356) then in cs3 (the SNPs and two 6-bp deletions in generating WA352a), and the replacement of the whole cs3/36-bp (cs2) segment in generating WA314 ( Figure 4B , 4C and Supplementary information, Figure  S5 ), are key processes for the functionalization of these CMS genes. In summary, the cs1 sequences provide the potential in these ORFs for the interaction with COX11, but the ancestral and the derived cs2/cs3 sequences act as "off" and "on" switches to the COX11-interaction, respectively, for the functionality of the CMS genes.
Purifying selection on the CMS genes
Generally, coding sequences of plant mitochondrial essential genes have relatively low nucleotide mutation rates in comparison with nuclear genes [29] . However, the cs1 sequences in these ORFs exhibit relatively high levels of nucleotide variation (Supplementary information, Figure S5 ). Our Y2H assays showed that all the cs1 sequences of these ORFs, including those from orf314, maize Zmorf179 and soybean Gmorf271, could interact with COX11, albeit with different interaction strengths (Supplementary information, Figure S9 ). This suggests that the cs1-contaning ORFs may have potential biological function.
Protein-coding genes generally have non-synonymous substitution rates (dN) lower than synonymous substitution rates (dS), giving the dN/dS ratios less than 1 and suggesting a purifying selection on the genes [30] . To learn whether these cs1-containing ORFs have undergone natural selection, we estimated the dN/dS ratios of these cs1 sequences using the one-ratio model (for the null hypothesis H0) and the branch model (for the alterative hypothesis H1) of the CODEML program in the PAML package [31] , assuming WA352b/c and WA314 (the later generated functional CMS genes) as the branches different from the other ORFs in H1. We then tested the maximum likelihood of H0 and H1 by likelihood rate test. The dN/dS ratios of all these branches were 0.304 or less ( Figure 6E ). The log likelihoods of the two hypotheses did not significantly differ, meaning that the branching cs1 sequences of WA352b/c and WA314 might not have experienced different evolutionary rates. This analysis suggests that the diverged cs1 sequences in these ORFs have been subjected to purifying selection, which might functionally constrain the protein sequences by retaining their potential to interact with COX11 and/or their unknown biological function(s).
Discussion
New gene origination plays a crucial role in the origin and evolution of new phenotypes and ultimately, biological diversity. Although being of widely interest, new gene origination is often difficult to study, especially for those very young genes not yet fixed in the species, as it is hard to identify the new genes, their pre-structures, and intermediate products from the existing populations [32] . The recent vast expansion of genome sequencing data, however, may greatly facilitate the finding of new genes and their source sequences. It has been proposed that genes younger than 10-30 million years have not experienced much sequence evolution and are thus a valid system to investigate the early evolution of young genes and to understand their properties [32] .
In this study, we provide the first identification of a relatively detailed evolutionary network by which new mitochondrial genes originated, depicting the dynamic, multiple steps, and different levels of variation in the structure, sequence, copy number and function for their microevolutionary process. We identified 10 recombinant structures in the wild rice O. rufipogon, and another one S284a in several other Oryza species, showing that CMS and CMS-like genes are widespread in the wild rice.
Based on structure/sequence comparison and functional analysis, we deduced that WA352c and the related CMS genes in O. rufipogon have most likely evolved through the following steps: (1) The rpl5/cox1/ orf284 configuration, which widely exists in the AA-genome-containing wild and cultivated rice species, likely represents the original locus for the new gene formation. Multiple rearrangements among the promoter-contain-ing sequence (from the orf284 region) and other mitochondrial genomic source sequences (including the key sequence cs1 from S284b), involving HR, MMEJ, and cNHEJ, occurred at the specific site downstream of rpl5, generating the transcription-competent pre-structure. Homologous recombination between certain sites in the plant mitochondrial genomes may be reversible and reproducible under the control of some nuclear genes (MSH1 and homologs of RecA and MutS) [33, 34] , however, the MMEJ-and cNHEJ-based recombination events at the specific sites could be rare, suggesting that these recombinant structures were likely unique evolutionary products. (2) Formation of the CMS-like protogenes (orf367 and orf356) that are expressed but functionally self-inhibitory; (3) Generation of intermediate, functional CMS genes (WA352a/b, WA314) by gradual variations in the protogene sequence and the structures, and acquisition of the biochemical function through emancipating their COX11-interaction potential, coupled with SSS and natural (purifying) selection; (4) Formation of WA352c via further subtle sequence variation, e.g., insertion of the atp6-containing sequence into the downstream of WA352c, of which a part sequence serves as a new signal for transcription termination [10] . The functionalization of these CMS genes allows integration of the physiological consequence into the specific cellular process, e.g., triggering the premature tapetal programmed cell death [10] . These dynamic genomic and functional variations reflect the characteristics of the plant mitochondrial genomes, although the mechanisms for the mitochondrial genomic recombination, DSB repair, SSS, and heteroplasmic sorting behaviors in the plant mitochondrial genomes are still largely unknown.
Recent studies found that in the human mitochondrial genome, besides the known genes, there are dozens of new genes for short peptides, and some have roles in regulating metabolism as well as either promoting or quelling apoptosis, suggesting that mitochondrial genomes of eukaryotes contain far more functional genes than we previously appreciated [35, 36] . In plants, the large mitochondrial genomes contain more genes and putative ORFs; many of them are of unknown function. For example, in the mitochondrial genomes of O. rufipogon and O. sativa, besides the known functional genes, there are 32 and 21 putative genes (ORFs) of unknown function, respectively [21, 27] . This study demonstrates that during the new gene origination process in the mitochondrial genomes, other non-CMS genes, together with the CMS genes, could also be generated. We found that orf314, orf276, and orf310 likely arose from the CMS genes (WA314 and WA352a) by rearrangements ( Figure  4C and 4D) that might change the expression pattern of the genes ( Figure 3) ; this might cause gene neo-functionalization assuming that they have certain biological functions. As orf314 and orf310 are widespread in O. rufipogon and cultivated rice (Table 1) , presumably they may confer some kind of beneficial effects to the plants, which have yet to be discovered.
New nuclear genes may evolve through transitory protogenes [32, 37] . In this study we show the first case of protogenes identified in eukaryotic cytoplasmic genomes, and suggest that the generation of protogenes, as well as SSS, had served as a buffer, thus could also be a critical step for the establishment of CMS genes in natural populations. Our results also suggest that the previously recognized general features of new nuclear gene origination, including (1) recombination of existing genes and/ or previously non-coding sequences, leading to a hybrid gene structure, (2) sequence evolution driven by natural selection, and (3) acquisition of new functions [32, 38, 39] , may also hold true for new mitochondrial gene formation. However, the microevolutionary process of the new mitochondrial genes we demonstrate here are much complicated than that of new nuclear genes reported so far. Notably, unlike most of the reported CMS genes that involve sequences of mitochondrial essential genes [5] , we show here that WA352c and the related CMS genes could have arisen from conserved mitochondrial genomic sequences of unknown function, but not necessarily involving those essential genes (such as for ATPase, cytochrome c oxidase, and ribosomal proteins), although WA352c is partially co-transcribed with rpl5 [10] .
Based on these investigations, we propose a multistep model for the formation and evolution of new mitochondrial genes, via a "multi-recombination/protogene formation/functionalization" mechanism ( Figure 7) . This model has some features distinct from the current models for the origination of new nuclear genes [32, 37, [40] [41] [42] [43] [44] , including the "RNA-first" and "ORF-first" routes for generation of de novo genes [44] . Also notably, the CMS gene origination processes from the protogene orf367 to the functional genes WA352a/b/c and WA314 were completed within a relatively short timeframe in O. rufipogon (less than two million years [19] ). This process appears to be much faster than the origination of most nuclear new genes, such as the new Drosophila gene Umbrea whose origination has spent 15 million years [45] , thus reflecting the remarkably dynamic properties of plant mitochondrial genomes.
According to Darwin's "principle of descent with modification", it is anticipated that adaptive modifications within populations of a species over time, a process now referred as microevolution, would be a process of continuous and gradual changes [46] . Natural selection and genetic drift could operate on both facets of new gene evolution: the fixation of new gene loci and their acquisition of beneficial functions [32] . We provide evidence that purifying selection has acted upon the cs1-coding sequences of the CMS genes for the functional constraint. It is likely that the other ORFs might have unknown functions that have attributed to the purifying selection to their cs1 sequences during the evolution.
It has been proposed that CMS may confer female advantage [47, 48] . However, for successful reproduction of the progeny from outcrossing, male fertility of CMS-carrying plants has to be rescued by the nuclear restorer genes. Thus, CMS genes and the corresponding nuclear restorer genes most likely have undergone co-evolution through some kind of cytoplasmic-nuclear interaction and communication [5, 47, 48] . How the cytoplasmic-nuclear genomes coordinate their adaptive evolution remains an interesting and challenging question [5, 47, 48] . The series of CMS genes identified here may provide ideal materials for studying the molecular mechanism of the interaction between the CMS and restorer genes. Furthermore, the new findings of this study will open the door to study the origin and functionalization of new mitochondrial genes in other important crops, such as maize, Brassica, wheat and sugar beet, in which multiple types of CMS cytoplasm have been identified. New mitochondrial genes may provide unique sources of genetic variation that have phenotypic consequences. These consequences can benefit natural adaptation and prove useful for crop breeding [10, 42, [49] [50] [51] . In addition, the new CMS genes identified in this study could greatly expand the germplasm for hybrid rice breeding.
Materials and Methods
Plant materials
A total of 808 accessions or cultivars of O. sativa, O. rufipogon, and 13 other Oryza species were selected from the "Ding's Rice Collection" preserved in South China Agricultural University for detection of the WA352c-related recombinant structures. The CMS-WA maintainer line ZS97B was used for transformation and backcrosses and Arabidopsis (ecotype Columbia) was used for transformation. All plants, including transgenic plants and backcross lines, were planted in experimental fields or in a phytotron (for growth of seedlings in some cultivars) at South China Agricultural University in Guangzhou.
PCR and hiTAIL-PCR
The sequences of S352a/b, S367, S356, S314a, S310, S276, S284a, and S284b were isolated by long PCR or hiTAIL-PCR [13] with specific primers (Supplementary information, Tables S1 and S2). The amplified fragments were recovered, cloned and sequenced. The sequences were analyzed by BLAST (http://www. ncbi.nlm.nih.gov/BLAST/).
Preparation of binary constructs and plant transformation
The sequences of WA314, orf356, and orf367 were amplified by PCR with specific primers (Supplementary information, Table  S3 ) and used to replace the orf79 sequence of the binary construct P35S::MTS:orf79, where the MTS sequence (1-105 bp) was derived from Rf1b of the rice CMS-BT system [20] . The binary constructs were transferred into the rice maintainer line ZS97B and Arabidopsis (ecotype Columbia) by Agrobacterium-mediated Figure 7 A model of multi-step origination of new CMS genes in plant mitochondrial genomes by a "multi-recombination/protogene formation/functionalization" mechanism. The dynamic, multiple steps of rearrangements among the promoter-active sequence and other mitochondrial genomic source sequences at the specific site (downstream of rpl5 in this case) generated the transcription-competent pre-structures and function-inhibited protogenes, then new functional genes and the consequent new traits and better fitness evolved by acquiring the biological functions via further sequence variations, rearrangements, substoichiometric shifting (SSS), and natural selection. transformation [52, 53] . The in vitro germination of Arabidopsis pollen was carried out as described [54] .
Quantitative RT-PCR and quantitative PCR
Structure-specific primers (Supplementary information, Tables  S4 and S5) were used for semi-qPCR and qPCR to determine the relative copy number of the structures. Total RNA was extracted from rice tissues using TRIzol reagent (Invitrogen). About 1.0 μg total RNA treated with DNase (Promega) was used for first-strand cDNA synthesis using M-MLV Reverse Transcriptase (Promega) with specific primers (Supplementary information, Table S6 ). Expression assays were performed by qRT-PCR. The relative expression levels (i.e., ratio of target gene/atp6) were normalized with the atp6 expression as the internal standard using the ∆C T method (2 −∆CT ), where ∆C T = C T (target) − C T (atp6) and shown as mean ± SD (3 biological replicates) .
To analyze the copy-number variation of the structures S367, S276, and S352b, and semi qPCR and qPCR analyses of total genomic DNA of leaf tissue of the selected O. rufipogon accessions were performed using specific primers (Supplementary information, Table S4A and S4B). The copy numbers per cell were estimated using the single-copy Actin 1 gene (two allelic copies per cell) as the internal standard using the ∆C T method (2 -∆CT × 2), where ∆C T = C T (target) − C T (Actin 1).
Y2H assay
DNA fragments of WA352c, WA314, orf356, and orf367 of various lengths and the swapped constructs were amplified by PCR and Ω-PCR [55] using primers shown in Supplementary information, Table 7 , and cloned into the bait vector pGBKT7 (ClonTech). The prey construct of COX11 was described in a previous study [10] . The bait and prey constructs were co-transformed into yeast strain AH109 and the transformed cells were plated on SD/-Leu/-Trp medium and incubated at 30 °C for 2 days, then diluted and spotted onto SD/-Leu/-Trp/-His/-Ade medium and SD/-Leu/-Trp medium (as loading control), and cultured at 30 °C for 3-3.5 days.
Evolutionary analysis
The phylogenetic trees based on the cs1, cs2, and cs4 sequences of the recombinant structures ( Figure 4F) were constructed using the neighbor-joining method with the MEGA software (v4.3) [56] . To investigate whether the mitochondria cs1 sequences in wild rice have experienced selective pressure, PAML (v4.5) [31] was employed to estimate their evolutionary pressure. The alignment of the cs1 sequences (Supplementary information, Figure S5 ) and the phylogenetic tree construction ( Figure 6E ) were performed with MEGA (v4.3) based on the maximum likelihood approach. This alignment and the phylogenetic tree were used to analyze the evolutionary pressure. Subsequently, two statistical hypotheses were formulated, the null hypothesis (H0, based on the one-ratio model) assuming that all of the branches on the phylogenetic tree have the same evolutionary rate, and the alternative hypothesis (H1, based on the branch model) supposing that the branch cs1 sequences of the functional WA352b/c and WA314 have different rates of evolution from the others. The program CODEML of the PAML package was used to estimate dN (number of non-synonymous substitutions per non-synonymous site) and dS (number of synonymous substitutions per synonymous site) of each hypothesis and the dN/dS ratios. A likelihood rate test was used to analyze whether the difference is significant by calculating the maximum likelihood of these two hypotheses.
Data access
The sequences of the recombinant structures have been submitted to GenBank under accession numbers KX255850, KX255851, KX255852, KX255853, KX255854, KX255855, KX255856, KX255857, KX255858, KX255859, and KX255860.
